An abnormal level of red blood cell ͑RBC͒ aggregation is a clinical condition associated with many pathologies. Our purpose is to investigate the feasibility of spectral domain phase-resolved optical Doppler tomography incorporated with Doppler variance imaging to characterize RBC aggregation in flowing blood. Variance/ standard deviation ͑SD͒ of the Doppler frequency spectrum of porcine blood flowing through a glass tube ͑diameter 300 m͒ at 4.7 mm/ s is measured. For nonaggregating RBCs with hematocrits of 20, 40, and 60%, the mean centerline SD values were 34.2± 1.2, 47.8± 1.0, and 47.2± 0.5, respectively. After dextran 500 induction, the SD value decreased significantly to 29.9± 0.7, 37.9± 3.0, and 40.1± 0.6 ͑P Ͻ 0.01͒ in the aggregated blood, respectively. The results demonstrate that Doppler variance imaging using the SD value is capable of differentiating normal and aggregated blood.
Red blood cell ͑RBC͒ aggregation is an important physiological phenomenon responsible for the non-Newtonian behavior of blood. RBC aggregation is normally present in humans and in many other "athletic" species. An abnormally high level of RBC aggregation has long been considered to be principally of pathophysiologic importance since aggregation is elevated in many disease states. Understanding RBC aggregation could bring new insights concerning these pathologies.
Optical coherence tomography ͑OCT͒/Doppler OCT ͑ODT͒ is able to achieve high imaging speed, high velocity sensitivity, and high spatial resolution simultaneously. OCT/ ODT has been used to study blood optical clearing, aggregation, sedimentation, and hematocrit ͑HCT͒ in our and other groups. [1] [2] [3] [4] [5] [6] [7] In our previous work, we demonstrated that the slope of the OCT depth-reflectivity profile decreased with the level of RBC aggregation. 6, 7 This is so because RBC aggregation leads 8 to a decrease in scattering of RBCs. Unfortunately, the relationship between the slope and the aggregation of RBCs could not be directly used for in vivo determination of RBC aggregation. The scattering properties of vessels, surrounding tissue, and HCT would affect the slope of the OCT depth-reflectivity profile. A new principle for blood aggregation characterization is worth studying except for measuring scattering by OCT. We recently demonstrated spectral domain ODT ͑SDODT͒ for measuring blood flow velocity under various circumstances. 9 Doppler variance tomography using the variance of the Doppler frequency spectrum to more efficiently map the flows in highly scattering biological tissues has been reported. 10, 11 In addition to the local velocity information, phase-resolved ODT systems give the variance of the Doppler frequency spectrum, 10, 11 which is given by
where N is the number of A-lines used for averaging; T is the time interval between two exposures, and f͑z͒ is a complex signal from an inverse Fourier transform of the interference pattern. The corresponding Doppler shift can be estimated by comparing the phasors of f͑z͒ between two complex signals during two exposures at a same location. The phase change is recorded by the product of Thus, the Doppler variance obtained by a phase-resolved ODT system can be an indicator of flow variations. Individual particles within concentrated suspensions exhibit significant random movements when the suspension is subjected to shear flow. These movements are dependent on the local shear rate of the suspension and on particle size. 12 Previous studies have shown variation in the instantaneous velocity of individual RBCs and the effect of aggregation on the dispersion of RBCs flowing in venules. 12, 13 RBC aggregation in the flow stream decreases the variability in instantaneous cellular velocity. 13 This effect is most likely the result of an increased particle size. The magnitude of particle movements is decreased when the particle diameter increases. 12, 13 In this paper, we investigate the feasibility of phase-resolved SDODT combined with the Doppler variance image to characterize RBC aggregation in flowing blood. Figure 1 is a schematic of the SDOCT system. A superluminescent diode with a spectrum centered at 1310 nm, a full width at half maximum bandwidth of 95 nm, and a total delivered power of 8 mW was used. Back-reflected light from the reference and sample arms was guided into a spectrometer and dispersed over a 1 ϫ 1024 InGaAs detector array at 7.7 kHz ͑corresponding to 1 / T͒. The total wavelength range spreading on the detector array was 130 nm, corresponding to a spectral resolution of 0.13 nm and an imaging depth of 3.6 mm in air. The resulting axial resolution was about 8 m, and the lateral resolution of the system was 6,9 about 13.8 m.
In the phase-resolved OCT/ODT, the phase change of the interference fringe between sequential A-line scans was used 10 to calculate the Doppler-frequency shift. The interference signal was inversely Fourier transformed after reducing the dc component. Cross-correlations between sequential A-scans are taken. 11 The standard deviation ͑SD͒ of phase shift between two consecutive exposures ͑ = T͒ was calculated from the cross-correlation using Eq. ͑1͒.
Various HCT levels were obtained by mixing extracted RBCs with porcine plasma using ethylenediamine tetraacetic acid ͑EDTA͒ as an anticoagulant ͑Animal Technologies, Inc., Tyler, Texas͒. Different suspensions of normal RBCs, artificially aggregated with dextran, were prepared. RBCs were resuspended in plasma of dextran 500 ͑Dx500, average molecular mass 500 kDa; Sigma, United State͒ at HCTs of 20, 40, and 60%. A plasma dextran concentration of 2% in weight/volume ͑w/v͒ was used to induce moderate RBC aggregation. All OCT measurements were performed just after RBC suspensions were prepared and pumped through a round glass capillary tube with a 300-m inner diameter ͑VitroCom Inc., Mountain Lakes, New Jersey͒ at a Doppler angle of 5 deg. A programmable syringe pump ͑Harvard Apparatus, Holliston, Massachusetts͒ was used to make the blood flow with an approximately constant speed at a rate of 20 l / min, corresponding to an average flow velocity of 4.7 mm/ s within the glass capillary. The flow rate simulates the real values within major human retinal vessels with diameters Ͼ200 m. OCT "M-scans" ͑a single A-line repeatedly acquired in time without transverse scanning͒ were performed. One thousand and twenty-four OCT A-scans were averaged for each data set. Triplicate samples were prepared and measured for each HCT. All final results of SD values for both normal and aggregated blood were means of triplicate experiments. A paired t test statistical analysis was applied for the differences in SD between the control group ͑without dextran͒ and the treated group ͑with dextran͒. For all tests, a level of 0.05 was chosen as a significant level. Figure 2 shows the Doppler variance images that give the variation of the blood ͑HCT= 40% ͒ velocity distribution for the blood without dextran ͓Fig. 2͑a͔͒ and the aggregated blood with 2% Dx500 ͓Fig. 2͑b͔͒ at HCT of 40% flowing through a 300-m glass tube at a flow rate of 4.7 mm/ s. The presence of different velocity variations between the control and the aggregated within the glass tube was observed.
The quantitative values of SD along the depth calculated according to Eq. ͑1͒ for the control and the treated blood were determined and are plotted in Fig. 3 for HCT= 40% ͓Fig.
3͑a͔͒ and HCT= 60% ͓Fig. 3͑b͔͒. For the control blood at HCT= 40 or 60%, the upper lines of the SD profiles in Figs. 3͑a͒ and 3͑b͒ show that the velocity variations vary with radial position in the glass tube. A higher SD is found near the center of the tube where the shear rate is minimal for the flow. There is asymmetry in the SD profiles along the pixel depth. The SD in the bottom of the tube is higher than that in the top of the tube. It is possible that the increase in RBC density in the unit area associated with RBC sedimentation in this in vitro model, leading to an increase in random collision among RBCs and thus velocity variations. From the lower lines of the SD profiles in Figs. 3͑a͒ and 3͑b͒ for the aggregated blood, we can see the motion of the particles is strongly influenced by the RBC aggregation. The decrease in the SD in the center of the tube could be the result of a decrease in flow variations due to changes in the size of scatterers associated with RBC aggregation. When aggregates migrate to the center of the tube, particle size will be greater in the center of the tube than near the tube wall and effective viscosity will be greater there as well. 12 The mean values of 47.8Ϯ 0.99 and 47.2Ϯ 0.45 for the control group at HCTs of 40 and 60%, respectively, have no significant differences. The value of 37.9Ϯ 3.06 for dextrantreated blood with HCT of 40% is not significantly different from that of 40.1Ϯ 0.55 for the blood with HCT of 60% either. However, both of them are significantly ͑P Ͻ 0.01͒ lower than the values for the corresponding control blood at the two HCTs. The addition of dextran decreases the SD by 20.7 and 15.0% for HCTs of 40 and 60%, respectively. This finding is consistent with the in vivo work 13 that the magnitude of the velocity variations in dextran-treated blood is less than that in nonaggregating blood. It is most likely that RBCs residing in aggregates could be both shielded from interactions with surrounding cells and also hindered in their movements or the magnitude of particle movements is decreased when the particle diameter increases. 13 Note that the addition of dextran would increase the blood viscosity. Although we do not know much the increased viscosity with dextran contributes to the decreased velocity variations in dextran-treated blood, nevertheless, the variance imaging can differentiate the velocity variation change between the two groups. Interestingly, the SD in normal blood or aggregated blood is not dependent on HCT when HCT around or greater than 40% ͑normal HCT in a human female, 45% in a human male͒. The centerline SD of 34.2Ϯ 1.16 for the normal blood at HCT of 20% is much lower than that at 40 or 60%. It is possible that the numbers of RBCs in a unit area will decrease according to the decrease in the concentration of HCT. This causes a decrease in random collision among RBCs and thus velocity variations. The value for dextran-treated blood ͑29.9Ϯ 0.66͒ is significantly ͑P Ͻ 0.01͒ lower than the value for the control. The SD is decreased by 14.6% at blood aggregation. The results demonstrate that Doppler variance imaging using the SD value is capable of differentiating normal and aggregated blood at HCTs from 20 to 60%.
A method to determine blood flow, HCT, and blood cell aggregation in a noninvasive manner will be important for many clinical applications. Our previous results demonstrated a significant underestimation of HCT using the slope of the OCT depth reflectivity profile caused by RBC aggregation. Compensation for the discrepancy caused by RBC aggregation is necessary to develop a novel instrument based on OCT for in vivo measurements 7 of the real value of blood HCT. In addition, we reported the relationship between RBC aggregation and the slope of the OCT depth reflectivity profile, however, the latter can not be used to measure RBC aggregation either because the slope is also dependent 6,7 on HCT. Therefore, developing various OCT methods except for scattering measurement and calibration methods that enables simultaneous measurements of RBC aggregation and HCT are essential for accurate determination of HCT and aggregation. The preceding results demonstrated that the SD value using Doppler variance imaging is not dependent on normal HCT. With the slope measurement and calibration methods, the change in SD value also has potential to monitor RBC aggregation for a lower HCT. To overcome the OCT penetration depth limitation in scattering tissues, SDOCT/ODT combined with retinal tracking to target retinal vessels would be a solution for in vivo blood rheology measurements. Retina veins would be a better target that exhibits a lesser effect of the elasticity of the vessels and the pulsatile nature of the blood flow. Alternatively, a microfluidic system could be developed for an ex vivo point-of-care test.
In this paper, the feasibility of phase-resolved ODT/ Doppler variance imaging to characterize the level of blood aggregation was preliminarily evaluated. Studies on the spa-tial and temporal attributes of RBC aggregation as a function of shear rate, HCT, extensional flows, and in vivo measurement combined with retinal tracking are underway.
